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MXD chronologies over the period 1901–1978, 48% of 
the total variance of the summer warm-day extreme vari-
ability over the period 1901–2006, and 36% of the total 
variance in the frequency of a summer anticyclonic pat-
tern centered over eastern-central Fennoscandia in the 
period 1948–2006. The frequency of summer warm-day 
extremes in Fennoscandia is likely linked to a meridional 
shift of the northern mid-latitude jet stream. This study 
shows that the MXD network can be used to infer the 
variability of past summer warm-day extremes and the 
frequency of the associated summer anticyclonic circula-
tion pattern over Fennoscandia.
Keywords Tree-ring proxy · Atmospheric circulation · 
Fennoscandia · Temperature extremes · Jet stream
1 Introduction
Changes in the intensity and frequency of summer high-
temperature extremes have drawn much attention during 
recent decades (Schär 2015), mainly due to their large 
impacts on natural environment, economy and human 
health (Ciais et al. 2005; Kovats and Kristie 2006). For 
instance, the European summer heat wave in 2003 resulted 
in extensive forest fires, crop yield reductions and a high 
number of casualties (De Bono et al. 2004; Vandentorren 
et al. 2004). In Scandinavia, heat waves also have been 
related to public health risks (Rocklöv and Forsberg 2008).
During the 20th century, the frequency of high-tem-
perature extremes (i.e. the number of days when daily 
maximum/minimum temperature surpasses a threshold) 
has increased in Europe (Chen et al. 2015), but the instru-
mental records are often too short for climate change 
studies. In order to explore any long-term changes in 
Abstract Tree-ring maximum latewood density (MXD) 
records from Fennoscandia have been widely used to 
infer regional- and hemispheric-scale mean temperature 
variability. Here, we explore if MXD records can also 
be used to infer past variability of summer tempera-
ture extremes across Fennoscandia. The first principal 
component (PC1) based on 34 MXD chronologies in 
Fennoscandia explains 50% of the total variance in the 
observed warm-day extremes over the period 1901–1978. 
Variations in both observed summer warm-day extremes 
and PC1 are influenced by the frequency of anomalous 
anticyclonic pattern over the region, summer sea sur-
face temperatures over the Baltic, North and Norwe-
gian Seas, and the strength of the westerly zonal wind at 
200 hPa across Fennoscandia. Both time series are asso-
ciated with nearly identical atmospheric circulation and 
SST patterns according to composite map analysis. In a 
longer context, the first PC based on 3 millennium-long 
MXD chronologies in central and northern Fennoscandia 
explains 83% of the total variance of PC1 from the 34 
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high-temperature extremes, their behavior under natural 
conditions, as well as their relation to other variables in 
the climate system, such as the large-scale atmospheric 
circulation, we need to go beyond the instrumental period. 
Moreover, as temperature extremes are usually closely 
linked with specific circulation patterns, such as atmos-
pheric blockings (Rimbu et al. 2014; Ionita et al. 2015), 
studies of long-term extreme variability can also be helpful 
when assessing the history of certain type of atmospheric 
circulation patterns in a region.
High-resolution proxies, such as tree-ring data and his-
torical records, have been used to study past temperature 
extremes in Europe, and have been proven to be useful 
indicators of temperature extremes (Luterbacher et al. 
2004; Xoplaki et al. 2005; Battipaglia et al. 2010; Esper 
et al. 2012a). Water, light and temperature are important 
factors for tree growth (Fritts 1976). As high-temperature 
extreme events in summer usually represent sunny weather 
conditions (García-Herrera et al. 2010), trees growing 
under sufficient soil moisture conditions may benefit from 
such weather conditions. In this respect, Fennoscandia is 
ideal for studies of past temperature extremes using tree-
ring data.
The high-latitude location of the region, as well as the 
proximity to the North Atlantic Ocean, makes tree growth 
here in general sensitive to temperature (Schweingruber 
et al. 1988; Linderholm et al. 2010). This region also hosts 
a dense tree-ring data network (Seftigen et al. 2015), where 
particularly the maximum latewood density (MXD) param-
eter provides high-quality summer or warm-season (April–
September) temperature information (Esper et al. 2012b; 
Melvin et al. 2013; Helama et al. 2014). Indeed, MXD data 
has been shown to explain around 60% of the total vari-
ance in observed mean summer temperature in central and 
northern Fennoscandia over the period 1901–2005 (Esper 
et al. 2012b; Melvin et al. 2013; Linderholm et al. 2015). 
However, although tree-ring data from this region have 
been widely used to infer past local to regional mean tem-
perature variability (e.g. Briffa et al. 1992; Linderholm and 
Gunnarson 2005; Linderholm et al. 2015), to our knowl-
edge, no systematic study has examined the potential of 
using these data to infer the variability and frequency of 
past temperature extremes and their associated atmospheric 
circulation patterns.
The aims of this work are: (1) to explore if MXD in Fen-
noscandia can be used as a proxy for the frequency of sum-
mer high-temperature extremes and (2) to identify which 
large-scale atmospheric circulation patterns are associated 
with these extremes. This paper is organized as follows. 
Section 2 describes the study area, the data and the meth-
ods used; Sect. 3 presents the results which are discussed in 
Sect. 4, and conclusions are given in Sect. 5.
2  Data and methods
2.1  Study area
Fennoscandia is located in the northern part of Europe, 
and comprises Norway, Sweden and Finland. The region 
stretches about 1800 km from south to north, and 1400 km 
from west to east, thus displaying a variety of different cli-
mate conditions. Climate in the north is characterized by 
harsh winters with a long-lasting snow cover and a short 
growing season in summer, while climate in the south is 
featured by mild winters with little or no snow cover, and 
longer growing season (Linderholm 2006; Linderholm 
et al. 2008). Climate variability in this region is influenced 
by a number of circulation patterns in summer such as the 
East Atlantic, Western Russia and Scandinavia patterns 
(Irannezhad et al. 2015) and the North Atlantic Oscilla-
tion (NAO) on interannual-to-decadal time scales (Hurrell 
1995; Rogers 1997; Chen and Hellström 1999; Busuioc 
et al. 2001; Folland et al. 2009). North Atlantic sea surface 
temperature (SST) also plays a role on decadal to centen-
nial time scales (Dima and Lohmann 2007).
2.2  The tree‑ring data
Thirty-four Pinus sylvestris L. (Scots pine) and Picea abies 
(Norway spruce) MXD chronologies from Fennoscandia 
were used to explore the relationship with temperature 
extremes (Fig. 1). Most of the tree-ring data were down-
loaded from the International Tree-Ring Data Bank (ITRDB, 
Fig. 1  The map of the study area and the locations of 34 tree-ring 
MXD chronologies covering the period of 1901–1978. Blue colors 
mark the locations of three millennium-long chronologies
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https://www.ncdc.noaa.gov/data-access/paleoclimatology-
data/datasets/tree-ring; Grissino-Mayer and Fritts 1997), 
while some of the data from central Sweden were collected 
between 2011 and 2013 by ourselves (Linderholm et al. 
2014, 2015). More information about the tree-ring data 
used in this study can be found in Table S1 in the supple-
mentary section.
Low-frequency variability (>30 years), including age-
related trend, was removed from each individual MXD 
series by subtracting a fitted 30-year cubic smoothing 
spline function. This standardization method makes no 
assumptions about the shape of the curve to be used for 
standardization, and the fitted spline curves ranges from 
linear least square to cubic fit through the data, and thus 
are flexible in removing non-climatic variance (Cook 
and Peters 1981) while preserving extreme variability of 
tree growth. A chronology for each site was produced by 
averaging all the individually standardized time series. A 
minimum number of 5 trees was required for representing 
a reliable chronology. Since a large number of the MXD 
chronologies in Fennoscandia ended in 1978, the analysis 
was based on the period 1901–1978. Additionally, three 
millennium-long chronologies (Jämtland, Torneträsk, Lap-
land; Table S1), covering the period 1000–2006, were used 
to examine the possibility to infer the variability in summer 
temperature extremes in a long-term context.
2.3  Meteorological data
Temperature extreme indices were derived from the HadEx2 
gridded global dataset (Donat et al. 2013). This dataset is 
based on daily maximum and minimum temperature and 
precipitation observations from over 7000 temperature and 
11,000 precipitation meteorological stations across the 
globe, and extreme indices were then calculated for the peri-
ods when the records were available for each station. Then, 
station-based monthly and annual extreme indices were 
interpolated onto a 3.75° longitude × 2.5° latitude grid over 
the period 1901–2010 using a modified version of Shepard’s 
angular distance weighting (ADW) interpolation algorithm 
(Shepard 1968). From this dataset, 17 temperature and 12 
precipitation indices were calculated using a consistent 
approach recommended by the World Meteorological Organ-
ization (WMO) Expert Team on Climate Change Detection 
and Indices (ETCCDI, http://wcrp-climate.org/etccdi).
To explore the relationship between MXD and extreme 
events, we used six extreme-temperature indices: warm 
days (TX90p), cool days (TX10p), warm nights (TN90p), 
cool nights (TN10p), warm spell duration index (WSDI) 
and number of summer days (SU). TX90p is defined as the 
percentage of days when daily maximum temperature is 
higher than the 90th percentile; TX10p is defined as per-
centage of days when daily maximum temperature is lower 
than the 10th percentile; TN90p is defined as the percent-
age of days when daily minimum temperature is higher 
than the 90th percentile; TN10p is defined as the percent-
age of days when daily minimum temperature is lower than 
the 10th percentile. WSDI is defined as annual count of 
days with at least 6 consecutive days when daily maximum 
temperature is higher than 90th percentile. SU is defined as 
annual count of days when daily maximum temperature is 
higher than 25 °C. All the time series of the extreme indices 
are the results of making annual arithmetic average of the 
values at 25 grid cells over Fennoscandia.
Monthly data of geopotential height (Z850), zonal 
(U850) and meridional wind speed (V850) at the 850 hPa 
level and zonal wind speed at the 200 hPa level (U200) 
were taken from the NOAA-CIRES 20th century reanaly-
sis version V2c dataset (Whitaker et al. 2004; Compo et al. 
2006, 2011). The data was obtained from the NOAA web 
site at http://www.esrl.noaa.gov/psd/. This dataset cov-
ers the period 1851–2011, and has a spatial resolution of 
2° longitude × 2° latitude. SST data was taken from the 
Extended Reconstructed Sea Surface Temperature version 
4 (ERSSTv4) (Huang et al. 2015; Liu et al. 2015). This 
dataset is a global monthly SST dataset derived from the 
International Comprehensive Ocean–Atmosphere Dataset 
(ICOADS) covering the period 1854–2015 with a spatial 
resolution of 2° longitude × 2° latitude.
2.4  Statistical methods
Field maps of mean values and standard deviations (SD) of 
temperature extremes over 1901–2010 were used to investi-
gate the spatial characteristics of the temperature extremes 
over Fennoscandia, focusing on the average of the summer 
season (June through August, JJA). To determine the spa-
tial coherence of the temperature extremes, Pearson cor-
relation coefficients between each pair of grid cells over 
Fennoscandia were calculated. The correlation coefficients 
were plotted against the distance between the grid cells to 
show the Correlation Decay Distance (CDD) of tempera-
ture extremes in the region (Briffa and Jones 1993).
To extract the common signal of the Fennoscandian MXD 
data, an Empirical Orthogonal Function (EOF) analysis (von 
Storch and Zwiers 2001) was applied to the data from the 
MXD network. The aim of the EOF analysis technique is to 
find a new set of variables that captures most of the variance 
of the data through a linear combination of the original vari-
ables. This method extracts the leading spatial modes of the 
MXD network and their corresponding temporal variability 
by mapping the temporal variance of each individual tree-
ring chronology onto orthogonal spatial patterns.
Field maps of the correlations between the PCs of the MXD 
network and gridded temperature extreme indices were used 
to explore the spatial associations. The relationships were then 
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quantified by calculating the correlations between the PCs 
and the mean value of the temperature extreme series for the 
whole Fennoscandia. We only present the field maps of the cor-
relations between the MXD PC1 and the TX90p index in the 
results, since the MXD PC1 has the highest correlation with 
TX90p compared to that with other indices, and the MXD PC2 
does not show any significant relationships with any of the 
indices in summer. When calculating seasonal mean values of 
the monthly temperature extremes, we regarded the seasonal 
mean value in a specific year as a missing value if any of the 
3 months had missing values. Grid cells with more than 10% 
missing seasonal values were excluded from the analysis.
To identify large-scale atmospheric circulation and SST pat-
terns associated with observed temperature extremes and the 
MXD PC anomalies, we evaluated the differences of compos-
ite maps for geopotential height at 850 hPa level, wind field 
at 850 hPa level and zonal wind field at 200 hPa level for the 
North Atlantic region, for JJA, between anomalously-high 
(normalized PCs/extreme index >0.8 SD) and anomalously-
low (normalized PCs/extreme index <−0.8 SD) years. We also 
only present the composite-map analysis results based on the 
MXD PC1 and the TX90p index. The selection of the thresh-
olds (i.e. ± 0.8 SD) was a compromise between the strength 
of the series anomalies and the number of years (around 20% 
of the total years). In the observational series (1901–2010), 21 
anomalously-high and 24 anomalously-low JJA TX90p years 
were identified, while in the MXD PC1 series (1901–1978), 14 
anomalously-high and 18 anomalously-low MXD PC1 years 
were identified (See Table S2).
2.5  Wavelet analysis
Wavelet analysis was used to analyze the temporal struc-
ture of MXD PC1. Wavelet analysis decomposes a time 
series into a time–frequency space, and it is thus possible 
to determine the dominant modes of variability, and how 
these modes vary in time (Maraun et al. 2007). The wavelet 
analysis used in this study follows the methods of Maraun 
and Kurths (2004) and Maraun et al. (2007), and the Morlet 
wavelet was chosen as wavelet basis. The 95% statistical 
significance level of the wavelet power spectrum was deter-
mined against a white noise null hypothesis using a point-
wise significance test (Maraun and Kurths 2004; Maraun 
et al. 2007; Torrence and Compo 1998).
3  Results
3.1  Temporal and spatial characteristics 
of Fennoscandian temperature extremes
Figure 2a shows the mean TX90p in the whole of Europe 
over the period 1901–2010. The highest frequencies 
(>14%) are observed in parts of eastern Europe including 
southeastern Fennoscandia, while moderate frequencies 
(11–14%) are found across eastern and central Europe and 
central and northern Fennoscandia. Low TX90p frequen-
cies (<11%) are observed in regions with more maritime 
influences: southern Fennoscandia, the British Isles, north-
ern continental Europe and the Iberian Peninsula. Figure 2b 
shows that the largest year-to-year variability in TX90p are 
found in parts of eastern continental Europe and south-east-
ern Fennoscandia. Over central and northern Fennoscandia, 
the interannual variability is less pronounced than in parts 
of eastern Europe, but still higher than most other regions 
in Europe. Figure 2c shows the TX90p CDD for all the 25 
grid cells over Fennoscandia, where each curve is fitted to 
the scatter plots of the correlations between one particu-
lar grid cell and the other 24 grid cells. The results show 
that the variability of TX90p in one grid cell can explain 
more than 50% of the variance of the variability in other 
grid cells within a radius of 800 km over Fennoscandia. In 
Fig. 2c, all the correlation coefficients are significant at the 
95% significance level.
3.2  Spatial and temporal patterns of Fennoscandian 
MXD chronologies
Figure 3a shows EOF1 of the Fennoscandian MXD net-
work, which explains around 57% of the total variance 
of the MXD variability. The first EOF is characterized by 
positive loadings over the whole of Fennoscandia. The 
loadings indicate that MXD data from central and north-
ern Fennoscandia contribute the most to the total explained 
variance. However, the monopolar feature of EOF1 shows 
the homogeneity of the MXD data over Fennoscandia, 
reflecting a common forcing of MXD formation of both 
Scots pine and Norway spruce. The corresponding time 
series of EOF1 (PC1), shows clear interannual variability 
(Fig. 3b), where two notable positive anomalies are found 
in 1901 and 1937, and three distinct negative anomalies are 
found in 1902, 1923 and 1962. Figure 4a shows the sec-
ond leading mode (EOF2) which explains around 9% of 
the total variance and displays a northwest to southeast ori-
ented dipole-like structure. Also PC2 shows clear interan-
nual variability (Fig. 4b), where the variability seemingly 
increases after ~1950.
3.3  The relationship between MXD and temperature 
extremes in Fennoscandia
Figure 5 shows the spatial correlations between the 
MXD PC1 and seasonal (i.e. December-January–Febru-
ary (DJF), March–April-May (MAM), June-July–August 
(JJA) and September–October–November (SON)) TX90p 
indices over Fennoscandia. The MXD PC1 is positively 
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correlated with TX90p at the 95% significance level 
in MAM and JJA over the whole Fennoscandia and the 
north-eastern part of Europe. However, the relationship 
in JJA is much stronger compared to the one in MAM. 
The strongest correlations are found over northern Fen-
noscandia, reaching values as high as 0.8. When PC1 is 
correlated with DJF and SON warm-day indices, signifi-
cant correlations are found over the Iberian Peninsula and 
the southern part of Fennoscandia, respectively. However, 
for both seasons (DJF and SON) the correlation coeffi-
cients are quite small (around 0.2–0.3), showing a weak 
relationship between PC1 and the DJF and SON warm-
day extremes.
To explore the potential of the MXD data to infer past 
extreme temperature variability and to facilitate compari-
son of the different indices, we calculated Fennoscandian 
(based on the 25 grid cells covering the region) JJA mean 
temperature extreme indices, and compared them with 
PC1. The correlation coefficient between PC1 and the Fen-
noscandian JJA mean TX90p is 0.71 (P < 0.01) (Fig. 6), 
indicating that MXD PC1 explains 50% of the variance of 
the TX90p variability over the period 1901–1978.
Fig. 2  The field maps of the a mean and the b standard deviation 
of the June–August (JJA) warm-day extreme index (TX90p) derived 
from the gridded dataset HadEx2 (Donat et al. 2013) over Europe 
during 1901–2010, and c the correlation between the TX90p time 
series from the gridded extreme-index field, as a function of distance 
between the grid cells. Each black curve fits the scatter plot of cor-
relation coefficients (red+) between one grid cell and other 24 grid 
cells over Fennoscandia, indicating the correlation decay distance in 
this region. All the correlation coefficients shown here are significant 
at the 95% significance level
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Fig. 3  a The spatial pattern 
of the first EOF mode of the 
Fennoscandian tree-ring MXD 
network, and b the time series 
of the first principal component 
(PC1) corresponding to the first 
EOF mode explaining 57% of 
the total variance
Fig. 4  As Fig. 3, but for a 
EOF2 and b PC2 (9%)
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Correlations are also calculated between PC1 and other 
seasonal or annual temperature extreme indices depend-
ing on if the index has a seasonal resolution (e.g. TX90p, 
TX10p, TN90p and TN10p) or an annual resolution (e.g. 
WSDI and SU). In Table 1, the results show that all the 
summer temperature extreme indices are significantly cor-
related with the tree-ring MXD PC1 for both MAM and 
JJA at the 99% significance level. However, the JJA indi-
ces show much stronger relationships with PC1 compared 
to the MAM indices. The strongest relationship is found 
between the PC1 and the JJA warm-day index. PC1 also 
shows significant relationships with the two annually-
resolved temperature indices (i.e. WSDI and SU) at the 
99% significance level. The correlations between MXD 
PC2 and the six temperature indices are also shown in 
Table 1. The results show that no significant relationships 
are found between the PC2 and the summer/annual temper-
ature extreme indices.
Fig. 5  Correlation maps between the PC1 of the Fennoscandian 
tree-ring MXD network and a preceding December-present February 
(DJF), b March–May (MAM), c June–August (JJA) and d Septem-
ber–November (SON) warm-day extreme indices derived from the 
gridded dataset HadEx2 (Donat et al. 2013) over the period 1901–
1978. Plus sign marks the grid cells where the correlations are signifi-
cant at the 95% significance level
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3.4  Influence of atmospheric circulations and North 
Atlantic SST on the TX90p and the MXD 
variability
Since the interannual variability of PC1 is closely associ-
ated with the studied JJA temperature indices, especially 
TX90p, MXD can be regarded as a good indicator of the 
frequency of JJA temperature extremes over the study 
region. The typical circulation and SST anomalies associ-
ated with anomalous JJA TX90p indices reveal the large-
scale atmospheric circulation and the SST patterns that 
favor extreme conditions. Figure 7a shows a composite 
map of JJA geopotential height (Z850) and wind vectors 
(U850 and V850) at 850 hPa for high- (+0.8 SD) minus 
low- (−0.8 SD) index years of TX90p. High TX90p val-
ues in JJA are associated with a center of positive Z850 
anomalies over the Fennoscandia Peninsula and over the 
northeast coast of North America and a center of negative 
Z850 anomalies over Greenland. This pattern is associ-
ated with an anomalously strong anticyclonic circulation 
favoring high-temperatures and reduced precipitation over 
Fennoscandia. The variability of the frequency of the JJA 
anticyclonic circulation pattern explains around 53% of the 
variance of the frequency of JJA warm-day extremes over 
the period 1948–2010 (Fig. S1a). Figure 7b shows the same 
as Fig. 7a, but for MXD PC1, and displays nearly identical 
features as those for TX90p.
Figure 8a shows a composite map of JJA North Atlan-
tic SST anomalies during high- minus low-TX90p-index 
years. High TX90p frequencies are associated with strong 
positive SST anomalies over the North Sea and (particu-
larly) the Baltic Sea and outside the northeast coast of 
North America, extending towards the Azores. Turning to 
MXD PC1, similar patterns are observed as those for the 
TX90p regarding the associations with positive SST anom-
alies (Fig. 8b). However, MXD PC1 is more strongly asso-
ciated with negative SST anomalies over the southern part 
of Greenland and the subtropical part of the North Atlantic 
Ocean, compared to TX90p.
In the Northern Hemisphere, strong anticyclonic cir-
culation is usually associated with an intense high-alti-
tude zonal wind over northern part of the region (Tsou 
and Smith 1990; Lupo and Smith 1995). Therefore, we 
examined the link between TX90p and zonal wind speed 
at 200 hPa (U200). Figure 9a shows a composite map 
of the difference of JJA zonal wind speed at 200 hPa 
in high and low TX90p index years. In summer, high 
TX90p indices are associated with enhanced 200 hPa 
westerly zonal winds over the northern part of Fennos-
candia, northeast of the North American continent, the 
Fig. 6  Fennoscandian MXD 
PC1 (red) plotted against mean 
JJA TX90p for Fennoscandia 
(blue) derived from the gridded 
dataset HadEx2 (Donat et al. 
2013)
Table 1  The correlation coefficients between the Fennoscandian tree-ring MXD PC1 and PC2 time series and four seasonal and two annual 
temperature extreme indices time series derived from the HadEx2 dataset (Donat et al. 2013)
The extreme indices time series are the mean values of the data from the grid cells over Fennoscandia
*** Means 99% significance level; ** means 95% significance level; * mean 90% significance level. The percentages indicate the explained 
variance of the PCs on the total variance of the Fennoscandian tree-ring MXD network
Extreme index PC1 MXD (57%) PC2 MXD (9%)
DJF MAM JJA SON Ann DJF MAM JJA SON Ann
TX90p 0.15 0.36*** 0.71*** 0.21* – 0.08 0.13 0.01 0.26** –
TX10p −0.02 −0.40*** −0.70*** −0.19* – −0.16 −0.08 0.02 −0.08 –
TN90p 0.15 0.37*** 0.60*** 0.13 – 0.07 0.21* −0.04 0.20* –
TN10p −0.02 −0.40*** −0.55*** −0.11 – −0.16 −0.13 0.14 −0.04 –
WSDI – – – – 0.48*** – – – – 0.17
SU – – – – 0.62*** – – – – 0.08
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Mediterranean region and western Central Asia. Weak-
ened westerly zonal winds at 200 hPa are found in a belt 
stretching from the eastern part of North America, across 
the central North Atlantic, the British Isles, the central 
part of Europe, the southern part of Fennoscandia and the 
western part of Russia. Regarding MXD PC1 (Fig. 9b), 
the approximately same pattern of the zonal winds at 
200 hPa is found as for the TX90p, although the pattern 
is slightly less pronounced.
The differences of JJA zonal wind speed at 200 hPa 
between high and low TX90p index/MXD PC1 years are 
distinct (Fig. 9a ,b). However, when the composite maps of 
the zonal wind speed during the high or low TX90p/MXD 
PC1 years are compared with the zonal wind speed climatol-
ogy, we do not see distinct differences (Fig. 10); only small 
differences still can be identified. From Fig. 10a, we see that 
increased frequency of TX90p is related to stronger westerly 
winds over the northeast coast of North America and east 
of the Caspian Sea, and a slightly northward shift of the jet 
stream over mid-latitude North America and the North Atlan-
tic Ocean, and a slightly southward shift over the western 
and the southern part of Europe, compared to climatology 
(the contour lines). In this case, a high-altitude wind flow 
is likely to diverge from main track of the jet stream, and 
form an intensive westerly wind center north of Fennoscan-
dia. From Fig. 10b, we can see that low TX90p indices are 
associated with a slightly southward shift of the jet stream 
over the mid-latitude North American continent and the 
North Atlantic Ocean, and a northward shift over the west-
ern and the central part of Europe, compared to climatology 
(the contour lines). The westerly winds centered over the 
northeast coast of North America and the eastern part of the 
Caspian Sea also show a reduction in their strength. Likely, 
these features are associated with a northward displacement 
of storm tracks in the former case and a southward displace-
ment in the latter. Figure 10c and d are the same as Fig. 10a 
and b, but based on MXD PC1. We can see similar features 
as those based on JJA TX90p, which implies that the vari-
ability of MXD PC1 reflects meridional shifts in the north-
ern mid-latitude jet stream and changes in the strength of the 
westerly wind centers. However, the magnitude of the shifts/
changes are smaller than those associated with JJA TX90p 
Fig. 7  The difference of the 
composite maps of June–
August (JJA) geopotential 
height (shaded, Z850) and 
the wind vectors at 850 hPa 
(arrows) derived from the 
monthly NOAA-CIRES twen-
tieth century reanalysis version 
V2c dataset (Whitaker et al. 
2004; Compo et al. 2006, 2011) 
between high-and low-index 
years of a the JJA TX90p over 
the period 1901–2010 (cf. 
Fig. 6) and b the Fennoscandian 
tree-ring MXD PC1 over the 
period 1901–1978. High- and 
low-index years are defined as 
years with values larger and 
smaller than the 0.8 times of 
the series standard deviation 
respectively. High- and low-
index years are summarized in 
Table S2
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Fig. 8  As Fig. 7, but for SST derived from the gridded dataset ERSSTv4 (Huang et al. 2015; Liu et al. 2015)
Fig. 9  As Fig. 7, but for zonal 
wind speed at 200 hPa derived 
from the monthly NOAA-
CIRES twentieth century 
reanalysis version V2c dataset 
(Whitaker et al. 2004; Compo 
et al. 2006, 2011)
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Fig. 10  The composite maps 
of the zonal wind speed at 200 
hpa in the positive/negative-
anomalous years of (a)/(b) the 
June–August (JJA) warm-day 
temperature extreme index 
(Donat et al. 2013) over the 
period 1901–2010 and (c)/(d) 
the Fennoscandian tree-ring 
MXD PC1 over the period 
1901–1978. The anomalous 
years were defined as the years 
when values were bigger (posi-
tive) or smaller (negative) than 
the 0.8 times of the series stand-
ard deviation. The contour lines 
show the climatology of the JJA 
zonal wind speed at 200 hPa 
(Whitaker et al. 2004; Compo 
et al. 2006, 2011) during the 
period 1901–2010 (a, b) and 
1901–1978 (c, d). Numbers on 
the contour lines show the wind 
speed on those contour lines
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(Fig. 10a, b). Over the period 1901–2006, 23 anomalously-
high and 26 anomalously-low MXD PC1 years are identified 
(See Table S2).
Next, we assess the potential to derive summer temper-
ature extremes from MXD data in a millennium context. 
Since there are only a few MXD chronologies spanning 
the last 1000 years in Fennoscandia, we first examine if 
these chronologies are representative of the full MXD net-
work used in the 20th century analysis. We use three MXD 
chronologies from Jämtland (west central Sweden, Zhang 
et al. 2016), Torneträsk (northernmost Sweden, Melvin 
et al. 2013) and a chronology mainly based on data from 
Finnish Lapland (Esper et al. 2012b). Comparing PC1 
from the 3 millennium-long chronologies with PC1 from 
the large MXD network (34 chronologies), it is clear that 
they are very similar (Fig. 11a): PC1 of the 3 millennium-
long MXD chronologies explains around 83% of the vari-
ance in PC1 of the network. Consequently, we made the 
assumption that also the long MXD PC1 can be regarded 
as a representative of TX90p, as well as the frequency of 
the corresponding anticyclonic circulation pattern in a 
millennium context. Further analysis shows that the vari-
ability of MXD PC1 (based on 3 millennium-long MXD 
chronologies) explains around 36% of the variance in the 
frequency of the JJA anticyclonic circulation pattern (iden-
tified using Lamb classification method (Lamb 1950) and 
adopted to Scandinavia by Chen (2000)) over the period 
1948–2006 (Fig. S1b). Figure 11b shows the smoothed 
(using 21-year Gaussian filter) MXD PC1 for the last 
1000 years. The wavelet analysis indicates that the decadal 
variability is significant during the last millennium, and 
the variability is more pronounced after ~1500 (Fig. 11c).
4  Discussion
JJA TX90p in Fennoscandia has shown a positive trend 
during the 20th century (Moberg et al. 2006; Chen et al. 
2015). Donat et al. (2013) investigated the spatial pattern 
of this index, and found that the positive trend in Fennos-
candia was generally weaker than those over the central 
and southern parts of Europe over the period 1951–2010. 
However, Cornes and Jones (2013) found that the trends 
over Fennoscandia, the central and southwestern parts of 
Europe were similar over the period 1980–2011. This study 
focused on the mean and standard deviation of JJA TX90p 
across Europe over the period 1901–2010. We show that 
Fennoscandia has a similar frequency of JJA warm-day 
extreme occurrences as central Europe (Fig. 2a), and that 
the variance of the frequency is larger compared to central 
Europe (Fig. 2b). Moreover, there is a homogenous pattern 
in TX90p variability across Fennoscandia, as shown by an 
average CDD of ca. 800 km (Fig. 2c). This is consistent 
with the finding that the variability of mean summer tem-
perature is coherent over much of Fennoscandia (Gouirand 
et al. 2008; Björklund 2014).
The strongest correlation between MXD PC1 and JJA 
TX90p are found in northern Fennoscandia (Fig. 5). This 
corresponds to the fact that MXD in northern Fennoscan-
dian conifers contains a stronger summer temperature 
signal compared to other regions (e.g. the northern part 
of Europe) (Linderholm et al. 2015). Not surprisingly, the 
strongest associations are found between MXD and the 
studied temperature extreme indices during summer, but 
significant correlations are also found for the spring season 
(Table 1). The latter is most likely due to the included influ-
ence of temperatures in April and May on MXD variability 
(Conkey 1986).
Figure 7a shows that JJA temperature extremes are asso-
ciated with anticyclonic circulation anomalies over Fen-
noscandia. Summer high-temperature extremes are usually 
related to persistent anticyclonic weather patterns favoring 
clear sky and weak wind (Black et al. 2004; Pfahl 2014). In 
these conditions, more solar insolation can reach and warm 
the land surface, which subsequently increases the surface 
air temperature, and weak wind conditions can trap warm 
air (Black et al. 2004). As high summer temperature favors 
the formation of dense latewood in conifers in tree-line 
areas across Fennoscandia (Gunnarson et al. 2011; Melvin 
et al. 2013; Helama et al. 2014; Zhang et al. 2016), it is not 
surprising that MXD PC1 is also associated with anticy-
clonic weather patterns (Fig. 7b). Regional circulation pat-
terns influences surface weather conditions, and contribute 
to the changes in extreme-temperature trends (Horton et al. 
2015). Over the eastern part of Fennoscandia, surface air 
temperature variability has been found to be closely linked 
to a number of atmospheric circulation patterns. During 
summer, the mean temperature is significantly related to 
the East Atlantic pattern (Irannezhad et al., 2015). In cen-
tral Scandinavia, anticyclonic circulation patterns have 
been found corresponding to warm and dry weather con-
ditions during summer (Antonsson et al. 2008). Previous 
studies also show close relationships between European 
high-temperature extremes and atmospheric blockings 
at sub-seasonal time scales (Carril et al. 2008). Here, we 
quantify the relationship between Fennoscandian JJA 
warm-day extreme and large-scale atmospheric circulation 
patterns, and we find that an increase in the frequency of 
the objectively-defined anticyclonic circulation patterns in 
summer leads to an increase in the frequency of JJA warm-
day extremes and higher-than-normal MXD PC1 values in 
Fennoscandia (Fig. S1). This indicates that the MXD PC1 
can be used to infer the variability of the frequency of the 
JJA anticyclonic circulation pattern in Fennoscandia.
Moreover, Fig. 8a indicates that JJA warm-day 
extremes are associated with anomalous high SSTs over 
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the Baltic Sea, the North Sea and the Norwegian Sea. SST 
can play an important role in regional climate via the inter-
action with large-scale climatic/oceanic modes of vari-
ability (e.g. the NAO and/or El Niño-Southern Oscillation 
(ENSO), Ionita et al. 2012, 2015; Schubert et al. 2014). 
When favorable phase conditions are met, both large-scale 
atmospheric as well as oceanic factors could act as precur-
sors for extreme summers over Europe (Ionita et al. 2016). 
Thus, anticyclonic anomalies favor high SSTs around 
Fennoscandia through enhanced downward net radiative 
fluxes, but the high SSTs are also likely to play a role in 
enhancing TX90p by reducing the baroclinicity and thus 
reinforcing the anticyclonic circulation (Feudale and 
Shukla 2007, 2011a). Consequently, positive SST anoma-
lies and increased frequency of TX90p are likely to occur 
simultaneously during summer. Figure 8a also indicates 
that the JJA warm-day extreme is associated with a posi-
tive center of SST anomalies over the eastern part of the 
North American continent. Feudale and Shukla (2011b) 
suggested that the configuration of the global SST might 
have forced a circulation pattern conducive to an anticy-
clonic circulation pattern in the European region. This SST 
teleconnection suggests an influence of the Gulf Stream on 
JJA warm-day extreme in Fennoscandia. However, previ-
ous studies have shown that European summer high-tem-
perature extremes may also be influenced by mid-low lati-
tude circulation anomalies (e.g. Cassou et al. 2005; Behera 
et al. 2013). Therefore, anomalous SST over the eastern 
part of the North American continent may also be caused 
by circulation anomalies associated with the changes of 
Rossby waves which could influence weather conditions at 
both the mid-latitude Atlantic and over the northern part 
of Europe. Figure 8b indicates that MXD PC1 is associ-
ated with the same positive-anomaly SST patterns as JJA 
warm-day extreme. However, MXD PC1 is also associated 
with strong negative SST anomalies over the southern part 
of Greenland, which is different from the patterns shown 
in Fig. 8a. This is consistent with the differences between 
Fig. 11  a The Fennoscandian 
tree-ring MXD PC1 based on 
the 34 chronologies covering 
common period 1901–1978 
(red) and the 3 millennium-long 
chronologies having common 
period 1000–2006 (blue), b the 
smoothed MXD PC1 (smoothed 
using 21-year Gaussian filter) 
over the period 1000–2006, 
and c the local wavelet power 
spectrum of the millennium-
long PC1. The left axis is 
the Fourier period. The thick 
contour encloses regions of 
more than 95% confidence for 
a white-noise process. Hatched 
regions indicate the ‘cone of 
influence’, where edge effects 
become important
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the Z850 patterns shown in Fig. 7a, b, in which the Z850 
pattern associated with MXD PC1 shows stronger and 
more extensive low-pressure anomalies over the southern 
part of Greenland compared to JJA warm-day extremes. 
An interesting feature of Fig. 8b is the wave-train-like SST 
anomaly pattern over the North Atlantic Ocean, which 
also implies an influence of the propagation of oceanic 
and atmospheric circulation from low to high latitudes 
on the frequency of summer warm-day extremes over 
Fennoscandia.
In the Northern Hemisphere, anticyclonic circulation 
usually occurs at ridges located south of high-altitude wind 
flow (e.g. the jet stream) (Tsou and Smith 1990; Lupo and 
Smith 1995). Andrade et al. (2012) show that the meridi-
onal pressure gradient over Europe plays a key role in 
the occurrence of warm-day extreme events over Fen-
noscandia. The meridional pressure gradient over Europe 
is closely related to the North Atlantic polar jet streams 
(Bluestein 1992). Therefore, the occurrence of the summer 
high-temperature extremes in Fennoscandia is likely influ-
enced by changes in jet stream configuration in this region. 
Figure 9a confirms that high TX90p summers are associ-
ated with enhanced (weakened) westerly zonal winds at 
200 hPa north (south) of Fennoscandia.
5  Conclusions
Based on the analysis above, the following conclusions can 
be drawn:
1. The Fennoscandian MXD PC1 can explain 50% of the 
variance of JJA warm-day extremes over the period 
1901–1978, and is able to capture main features of 
atmospheric circulation and SST patterns associated 
with JJA warm-day extremes.
2. Frequent occurrences of JJA warm-day extremes are 
associated with an anomalous anticyclonic circulation 
pattern over northern Europe, an anomalously-high 
SST pattern over Baltic Sea, North Sea and Norwegian 
Sea, as well as an enhancement and a meridional shift 
of the northern mid-latitude jet stream.
3. The variability in tree-ring density can provide use-
ful information about past summer high-temperature 
extremes and summer atmospheric circulation patterns 
over northern Europe beyond the instrumental period. 
The Fennoscandian MXD PC1 can be used to infer the 
variability of JJA warm-day extremes and their associ-
ated anticyclonic circulation pattern for the last millen-
nium.
A next logical step is to identify the long-term changes 
of the Fennoscandian summer high-temperature extremes for 
the last millennium, and investigate the role of external forc-
ings and internal variability in driving these changes, using 
both proxy and climate model data. We will also explore 
whether the linkages between tree-ring proxies and summer 
temperature extremes also exist in other regions.
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The anticyclonic pattern is identified using Lamb classification method (Lamb, 1950) based on daily 
sea level pressure (SLP) taken from the NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996). The 
dataset is provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 
http://www.esrl.noaa.gov/psd/. This dataset covers the period 1948-2014, and has a spatial resolution 
of 2.5º longitude × 2.5º latitude. 
We perform the Lamb classification using six daily circulation indices defined by Jenkinson and 
Collison (1977) and adopted to Scandinavia by Chen (2000). According to the six circulation indices 
the anticyclonic circulation pattern is identified using the classification rules in Briffa (1999). Then 
we calculate the number of days identified as anticyclonic circulation pattern for each summer to 
produce the JJA anticyclonic pattern series as in Fig. S1. To calculate the six circulation indices the 
central point is defined at 65º N, 27.5º E which is close to the center of the anomalous anticyclonic 
circulation over Fennoscandia (Fig. 7b). The region is defined as 50º N - 80º N, 5º E - 50º E which 
nearly covers domain of the anomalous anticyclonic circulation pattern in Fig. 7b. 
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Fig. S1 Time series of the frequency of the June-August (JJA) Lapland anticyclonic pattern (blue) 
identified based on the daily sea level pressure data (Kalnay et al. 1996) and (a) the Fennoscandian 
JJA warm-day temperature extreme index (red) (Donat et al., 2013) and (b) the Fennoscandian tree-
ring MXD PC1 (red). 
Table S1. Summary of the tree-ring MXD data  
No Contributer Location Species 
Lat 
(°N) 
Lon 
(°E) 
Alt 
(m) 
Start 
year 
End 
year 
References 
1 Zhang et al. Jämtland PISY 63.17 13.49 650 783 2011 
Gunnarson et al., 2011 
Zhang et al., 2016 
2 
Melvin and 
Grudd 
Torneträsk PISY 68.33 19.25 400 441 2010 Melvin et al., 2013 
3 Esper Lapland PISY 67.5 25.5 250 -215 2006 Esper et al., 2012 
4 Frank et al.(a) Kesänkijärvi PISY 67.56 24.3 450 1475 2006 ITRDB 
5 Frank et al.(a) Ketomella PK PISY 68.22 24.05 300 1724 2006 ITRDB 
6 Frank et al.(a) Ketomella PT PISY 68.22 24.05 300 1572 2006 ITRDB 
7 Frank et al.(b) Kiruna PISY 67.9 20.1 430 1775 2006 ITRDB 
8 Frank et al.(a) Luosu PI PISY 67.5 24.15 300 1844 2006 ITRDB 
9 Frank et al.(a) Luosu PS PISY 67.5 24.15 300 1653 2006 ITRDB 
10 Frank et al.(b) Torneträsk TR PISY 68.2 19.8 390 1796 2005 ITRDB 
11 Schweingruber Arjeplog PCAB 66.07 17.98 600 1634 1978 ITRDB 
12 Schweingruber Duvberg PCAB 62.07 14.33 550 1846 1978 ITRDB 
13 Schweingruber 
Fjall Glaskogen 
Naturres 
PISY 59.47 12.4 250 1775 1978 ITRDB 
14 Schweingruber 
Gallejour 
Glommerstark 
PCAB 65.17 19.47 480 1679 1978 ITRDB 
15 Schweingruber Gotland PISY 56.5 15 50 1127 1987 ITRDB 
16 Schweingruber 
Haaparava National 
Park 
PISY 62.58 31.17 145 1779 1978 ITRDB 
17 Schweingruber Iso Syete PCAB 65.62 27.6 300 1755 1978 ITRDB 
a) 
b) 
3 
 
18 Schweingruber Koliberg PCAB 63.1 25.48 300 1818 1978 ITRDB 
19 Schweingruber Kovero PCAB 61.83 23.48 180 1860 1978 ITRDB 
20 Schweingruber 
Kyynara National 
Park Liesjarven 
PCAB 60.67 23.88 115 1801 1978 ITRDB 
21 Schweingruber 
Laagennus 
Pyhantunturi 
National Park 
PCAB 67 27.12 270 1701 1978 ITRDB 
22 Schweingruber 
Laagennus 
Pyhantunturi 
National Park 
PISY 67 27.12 270 1670 1978 ITRDB 
23 Schweingruber Lofoten Loedingen PISY 68.48 16.03 200 1485 1978 ITRDB 
24 Schweingruber 
Middagsberg 
Myckelgensjor 
PCAB 63.35 18.98 280 1858 1978 ITRDB 
25 Schweingruber Narvik PISY 68.48 17.73 50 1702 1978 ITRDB 
26 Schweingruber 
Ouluungan 
National Park 
PCAB 66.37 29.43 260 1726 1978 ITRDB 
27 Schweingruber 
Palasjarvi 
Palastunturi 
PCAB 68.03 24.1 270 1782 1978 ITRDB 
28 Schweingruber 
Pyhan Hakin 
National Park 
PISY 62.85 25.48 185 1643 1978 ITRDB 
29 Schweingruber 
Rokuan National 
Park 
PISY 64.55 26.52 150 1839 1978 ITRDB 
30 Schweingruber Skibotn PISY 69.25 20.58 80 1775 1978 ITRDB 
31 Schweingruber Tothumelm PCAB 63.42 13.18 700 1818 1978 ITRDB 
32 Schweingruber Tua Steinkier PISY 63.95 10.88 300 1776 1978 ITRDB 
33 Schweingruber Vemdalskalet PCAB 62.5 13.98 800 1782 1978 ITRDB 
34 Schweingruber Veolia PISY 61.42 8.98 880 1754 1978 ITRDB 
Notes: Zhang et al. includes Zhang, P, Linderholm H.W., Gunnarson B.E. and colleagues in GULD (Gothenburg 
University Laboratory for Dendrochronology); Frank et al. (a) includes Frank, D., Esper, J., Büntgen, U., Wilson, R.J.S., 
Verstege, A., Nievergelt, D. and Timonen, M.; Frank et al. (b) includes Frank, D., Esper, J., Büntgen, U., Wilson, R.J.S., 
Verstege, A., Nievergelt, D. and Grudd, H.; PISY means Pinus sylvestris L.; PCAB means Picea abies. The locations of 
2.Torneträsk and 3.Lapland are estimated accordingly. 
Table S2. Anomalously-high (red) and Anomalously-low (blue) years identified based on the three 
time series.  
Year MXD PC1 (1901-1978)  JJA TX90p (1901-2010) MXD PC1 (1901-2006) 
Anomalously-
high 
Anomalously-
low 
Anomalously-
high 
Anomalously-
low 
Anomalously-
high 
Anomalously-
low 
1901 ●  ●  ●  
1902  ●  ●  ● 
1903    ●  ● 
1904  ●  ●  ● 
1905      ● 
1907  ●  ●  ● 
1909  ●    ● 
1913 ●      
1914   ●    
1915  ●  ●   
1917   ●    
1918    ● ●  
1920 ●    ●  
1922     ●  
1923  ●  ●  ● 
1924 ●    ●  
1925 ●    ●  
1926 ●    ●  
1927   ●    
1928  ●  ●  ● 
1929  ●  ●  ● 
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1930 ●    ●  
1931  ●    ● 
1932      ● 
1934 ●    ●  
1935  ●    ● 
1936   ●    
1937 ●  ●  ●  
1938 ●  ●    
1939   ●    
1941  ● ●   ● 
1944  ●    ● 
1945   ●    
1947 ●  ●  ●  
1949  ●    ● 
1950     ●  
1952  ●  ●  ● 
1955   ●    
1956  ●  ●   
1959 ●  ●  ●  
1960 ●    ●  
1962  ●  ●  ● 
1964      ● 
1965  ●  ●  ● 
1967    ●   
1968      ● 
1969 ●  ●  ●  
1970   ●    
1971      ● 
1972   ●  ●  
1973   ●    
1977  ●     
1978    ●   
1980     ●  
1981    ●   
1984    ●  ● 
1985    ●   
1987    ●  ● 
1989     ●  
1990    ● ●  
1993    ●  ● 
1994     ●  
1997   ●  ●  
1998    ●  ● 
2000    ●   
2001      ● 
2002   ●  ●  
2003   ●  ●  
2006   ●    
2008    ●   
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